ABSTRACT We analyze the performance of a helmet-based frequency modulated continuous wave (FMCW) radar system for use in impact prediction in contact sports, or other risky environments. It has been shown that the head trauma and concussions can have significant detrimental effects on the health and quality life of contact sport athletes, from the high school to professional level. Impact prediction capability could be an important part of a comprehensive, helmet-based system for mitigating the neurological damage caused by impacts. Mitigation strategies include using imminent impact information in an audible warning system, or dynamic preloading and control of an active helmet suspension. Our analysis centers on the prediction of an impact offset parameter (and its uncertainty) in a representative player interaction scenario. We consider realistic radar measurement specifications consistent with our player interaction scenario, and COTS radar hardware, including oscillator phase noise, operation frequency, sweep frequency, bandwidth, range, target scattering cross-section, and antenna gain.
I. INTRODUCTION
Concussion is a traumatic brain injury (TBI) caused by a sudden impact or blow to head, resulting in brain malfunction [1] . Recently, it has been reported that, approximately, 1.6 to 3.8 million sports-related TBIs occur each year in the United States [2] , among which American Football is the sport associated with the largest number of traumatic brain injuries [3] - [5] . These injuries lead to detrimental longterm physical and psychological effects [6] . One solution to prevent such traumatic brain injuries is to design and develop smart helmets with integrated radar arrays that can track the objects around and predict an impact. Such a system could support various negative health effect mitigation strategies. FMCW radar [7] systems have several positive attributes for this application, including small size, low weight, low cost, simplicity, and insensitivity to weather conditions.
Recently, FMCW radars have been widely used for various applications such as short range surveillance [8] , atmospheric remote sensing [9] , altimeters [10] , positioning [11] , and more recently, automotive radars [12] , wherein high performance and low cost is indispensable. Unlike Continuous Wave (CW) radars, which are only capable of measuring the velocity of objects, FMCW radars provide range measurement by applying a time mark to a CW carrier. The sharper the timing mark, the wider the transmitted frequency range, and consequently, the more accurate the range measurement [13] . Range is found in direct proportion to beat frequency, which is proportional to the time-of-flight, and is obtained by mixing transmitted and echo signals.
FMCW radars have been mostly utilized in the 24 GHz and 77 GHz bands. Smaller antennas, and accordingly, more compact size motivates the shift from 24 GHz to 77 GHz [14] , particularly for automotive radars. Recently, two frequency bands have been standardized for automotive radar sensors. One is the 76-77 GHz band, which is used for Long Range Radars up to 250 m. The second is the 77-81 GHz band, which covers: Medium Range Radars up to 100 m with 600 MHz bandwidth, and Short Range Radars up to 30 m with 4 GHz bandwidth. This large 4 GHz bandwidth has been defined to replace the Ultra-Wideband (UWB) applications in the 24 GHz band. The incentive for this type of radar systems is collision prevention [14] .
In this paper, we extend the initial idea of utilizing FMCW radars for impact prediction in contact and risky sports, presented with preliminary results in [15] , and introduce and investigate a method of collision prediction based on realistic FMCW radar signals and noise models, and evaluate the performance of such a system in terms of correct hit prediction, incorrect miss prediction (false negative), incorrect hit prediction (false positive), and correct miss prediction probabilities. In fact, here, we take advantage of the existing automotive radar market, wherein the sensors are required to be low cost, small, light weight, and most importantly, capable of supporting accurate collision prediction with a low false positive rate. Among popular contact sports, we focus on American Football, which can have particularly higher player impact velocity, up to 9.3 ± 1.9 m/s [16] . We propose a helmet-based system, leveraging COTS automotive radar hardware to predict iminent impacts, and support their mitigation. In most radar studies, attention is given to the following parameters: range, range rate (radial velocity), and the angle of arrival [13] . Here, we utilize a very simplified model of player interaction, with which the collision prediction can be easily quantified, but which only captures realistic player dynamics in a representative way. Also, we propose to extract the required information for collision prediction without any data for the angle of arrival. Lower antenna gain and cheaper hardware are two main advantages of it. Our analysis presents how the aforementioned radar system and its helmet-conformal antenna parameters should be chosen in such a way that it will be capable of performing multiple measurements in a short period of time within a distance range with an acceptable uncertainty span (a 95% confidence interval) and a proper signal-to-noise ratio (SNR) level, and thus, predict a looming impact and avoid concussion. This paper is organized as follows. Section II is devoted to the principles and parameters of an FMCW radar. In Section III, we provide the performance analysis of the radar system for design purposes. In Section IV, the results and discussions are presented, and Section V is allocated to the conclusion.
II. FMCW RADAR PRINCIPLES AND PARAMETERS

A. BEAT FREQUENCY
In a practical FMCW radar, the transmitter frequency changes as a function of time with a linear, triangular, sawtooth, or sinusoidal modulation. Here, we focus on a homodyne FMCW radar [17] , wherein an oscillator is frequencymodulated with a triangular modulation and serves as both transmitter and local oscillator (LO) (Figure1). The transmit chirp signal (Figure2(a) ) has a frequency bandwidth of f with the carrier frequency f 0 in such a way that during the time interval (0,T m /2), the frequency increases linearly from f 0 to f 0 + f , and decreases in reverse from T m /2 to T m .
In case of the presence of an object at a distance R, and considering the fact that the speed of the transmitted signal is the speed of light (c), an echo signal will be received after a round-trip time (T R = 2R/c). If the echo signal is mixed with the transmitted signal, a beat note will be produced. It should be noted that if the object is moving with a constant radial velocity v, a Doppler frequency shift (f d = 2vf 0 /c) appears in the beat note in such a way that shifts the frequency-time plot of the received signal up and down (Figure2(a)) and (Figure2(b) ). Accordingly, we have:
and we have:
B. RANGE AND VELOCITY RESOLUTIONS
To obtain the ideal range and velocity resolutions ( R ideal and v ideal , respectively), one should replace (f + + f − )/2 and (f − − f + )/2 with the minimum resolvable frequency of the radar (f res ) [18] . For a triangular frequency modulation VOLUME 6, 2018 scheme, the minimum resolvable frequency is the inverse of the measurement time defined as f res = 2/T m = 2f m [18] . Also, it should be mentioned that, in practice, the range and velocity resolutions can be expressed generally in direct proportion to their ideal values as [19] :
where α represents the resolution degradation due to system errors and lies in the range 1 ≤ α ≤ 2. Here, we assume α = 2 to consider the worst case for both of the range and velocity resolutions.
C. SNR CALCULATION
SNRs in excess of about 10 dB will result in a reliable detection in most of radar applications. To calculate the power of the echo signal (P r ) and relate it to the transmitted power (P t ), one can utilize the Friis transmission equation [20] . In case of polarization match between the scattered waves and the antenna, used for both transmission and reception, this equation can be simplified to the radar equation as below:
where G is the gain of the antenna, σ is the radar cross-section (RCS) or the echo area of a reflecting object, λ is the wavelength with respect to the carrier frequency, and R is the distance from the radar to the object. The next step is to find the noise power, which is the sum of the power of two main sources of noise namely, the thermal noise and the phase noise. The thermal noise has a power spectrum density (PSD) as below:
where NF is the noise figure in dB, k B is the Boltzmann's constant and T is the temperature (It is assumed that T = 300 K). The phase noise represents short-term and random fluctuations in the phase of a generated signal [21] . The PSD of the local oscillator is usually expressed at an offset frequency from the carrier. Here, in our calculations, we consider to have a Voltage Control Oscillator (VCO) with a standard assumed phase noise around −95 dBc/Hz at an offset frequency of 1 MHz [22] , [23] , which we model with an inverse cubic PSD:
The parameters L 1 and L 2 shown in Figure1 represent the leakage losses related to the circulator and antenna reflection, respectively. By considering the delay time between each of these paths (T 1 and T 2 ) and the reference path that goes directly from the LO to the mixer, the resulting transfer function will be [17] : where p denotes path 1 or 2. Consequently, the power spectrum density of the phase noise for each leakage path at the output of the mixer is:
where L p is the loss for each path in dB. Since the signal of the beat frequency has a rectangular form with a pulse width of T m /2 (Figure2(b)), the minimum resolvable frequency of its sinc-shaped spectrum will be f res = 2f m [18] , as mentioned above. Accordingly, the total noise power (in watts) at the output of the mixer can be found by multiplying this resolution bandwidth around the beat frequency, by the total power spectrum density of the noise within this bandwidth as follows:
Finally, the SNR in dB can be calculated as below: SNR = 10 log 10 ( P r P noise )
III. PERFORMANCE ANALYSIS
In this section, initially, we present our analysis on gain requirements for the radar antenna and show what antenna gain is suitable for achieving an acceptable SNR level. Subsequently, we provide our collision prediction model.
A. RADAR ANTENNA GAIN
As shown in the previous section, the SNR level depends on the resolution frequency. Besides, the velocity resolution is determined by the operation and resolution frequencies (since f res = 2f m ). As an example, a chirp sweeping time of T m = 20 ms (or a resolution frequency of f res = 100 Hz [22] ) leads to a velocity resolution of v = 0.19 m/s. In Figure3, considering these two parameters and those given in Table1, the resulting SNR levels for various range and antenna gain values are plotted for f 0 = 77 GHz. It can be clearly seen that a radar antenna with a gain of 10 dB can provide an SNR greater than 10 dB for a maximum range of 25 m. This is more than the sufficient range for tracking players potentially involved in imminent collisions. It implies the fact that there is no need to design a very high gain antenna for such a prediction system.
B. COLLISION MODEL
Collision prediction can be expressed as determining if the trajectories of two running players will close to a thereshold distance where impact is likely. Consider the scenario shown in Figure4, in which the helmet-based radar of Person A must determine if Person B will collide. It should be mentioned that the relative motion of any other person can be rotated to match the geometry in this figure. It is desired that an FMCW radar system be able to measure range and relative velocity, and predict the collision with acceptable probabilities of detection and false alarm. In our analysis here, Person B has the relative constant impact velocity of 10 m/s [16] in the direction shown starting with x start and will pass A with the closest distance b (the impact parameter). The task of the collision detector is determining if b < b TH for some safety threshold b TH . By tracking the impact parameter and velocity of any approaching target, we can distinguish between those that will pass by and those that will collide. Considering a constant impact velocity of 10 m/s (V ), we assume that the time-line is: 100 ms to perform radar measurements (from x start = 3 m to x end = 2 m), 100 ms to process radar data and make prediction, and 100 ms to execute mitigation action.
The total measurement time can be found as:
Then, the number of measurements within the course of t meas will be:
where T m is the chirp signal sweeping time, and also, the measurement time step. The sampling time and actual horizontal location for each measurement are:
If Person B moves in a straight path (Figure4), each measured actual r i can be expressed as:
Also, each measured closing radial velocity v i , obtained from the Doppler frequency, is:
As mentioned above, our goal is to predict collision based on the impact parameter b once the data for r(t) and v(t) are available. This requires an accurate estimation of the parameters x start , V , and b while the measurement accuracy of a radar system is limited by noise [13] . The range measurement accuracy of a radar is determined by several error sources, among which the SNR-dependent random measurement error dominates the range error [24] . Here, in our analysis, we characterize the radar range and velocity measurement accuracies (σ r and σ v , respectively) by the standard deviations of Gaussian distributions, as follows [19] :
Assuming that the data for r(t) and v(t) are available, and considering the collision model in Figure4, the parameters x start , V , and b can be estimated by using a nonlinear fitting process, which takes into account both data sets with their shared parameters simultaneously and gives the best parameter estimates and parameter uncertainty. This approach is explained in detail in the Appendix section.
IV. RESULTS AND DISCUSSIONS
To capture player interaction in a practical manner, and consequently, predict and quantify collision with our simplified model, one reasonable and physically possible assumption is that the player B moves in a linear way for about one meter before x end . Accordingly, we consider an example with the actual values of x start = 3 m and V = 10 m/s, and different actual values of b from b = 0.5 m to b = 1.5 m. The test data for r(t) and v(t) at the measurement times (t i ) can be created by considering the range and velocity measurement errors to include a Gaussian noise (n r i ) with zero mean and the standard deviation of σ r i (σ r i = R/ √ SNR(r i )), and a Gaussian noise (n v i ) with zero mean and the standard deviation of
SNR(r i )), respectively, as follows:
(18b) VOLUME 6, 2018 To investigate the impact parameter and its uncertainty, one can create and use the test data for a specific number of iterations in a Monte Carlo method (here 2000 iterations are considered). Once the estimated value of the impact parameter is found by the simultaneous fit process in each iteration, one can find the probability distribution function (PDF) of it based on its histogram, which appears to be Gaussian (Figure5) with the mean value of µ b and the standard deviation of σ b , the aforementioned impact uncertainty. The impact uncertainty versus the impact parameter for a low antenna gain of 5 dB at 24 GHz and 77 GHz, are shown in Figures6 and 7 for different bandwidth and frequency modulation rate (f m ) values, respectively. The calculated PDFs enable us to analyze the performance of the radar system in terms of correct hit prediction, incorrect miss prediction (false negative), incorrect hit prediction (false positive), and correct miss prediction probabilities. These probabilities are related to the scenarios shown in Figure5. In Scenario I, the actual impact parameter b is less than the threshold (Figure5(a) ), which we consider to be a collision. Regarding this, we can predict the collision with a probability of P c and might miss the actual collision with a probability of P inc . In Figure5(a), the areas P c and P inc represent the probability of correct hit prediction and the probability of incorrect miss prediction (false negative), respectively. In Scenario II, the actual impact parameter b is greater than the threshold (Figure5(b) ), which we consider a non-collision. This scenario can be predicted with a probability of P c , and we will falsely predict a collision with a probability of P inc . In Figure5(b), the areas P c and P inc represent the probability of correct miss prediction and the probability of incorrect hit prediction (false positive), respectively. Since the pairs of correct hit prediction and incorrect miss prediction (false negative) probabilities, and also, correct miss prediction and incorrect hit prediction (false positive) probabilities are complementary events, respectively, one can use a single accuracy function, instead of breaking out the different types of predictions separately. Using the Gaussian distribution as our PDF:
We find the accuracy function for predicting that b fit is above or below the threshold for a given b as follows:
where |.| denotes the absolute value. This relation presents the probability of correct prediction whether there is collision or not. final summary accuracy as follows:
One can perform this integral numerically. The values of b min and b max in our calculations are 0.5 m and 1.5 m, respectively. The aforementioned probability is shown versus the bandwidth and frequency modulation rate values of the FMCW radar system in Figure9. It can be seen that such a radar system with the mentioned parameters can successfully perform collision prediction in case of a high relative velocity between two players. This proper functionality will lead to concussion prevention since it makes possible to perform protective actions early enough.
V. CONCLUSION
In this paper, we have presented the performance analysis of a helmet-based FMCW radar system proposed to be used for impact prediction, and consequently, mitigating head injuries in sports, particularly American Football. We calculate impact prediction probabilities for the case of players running at a speed sufficient for severe injury (10 m/s), and require an impact prediction be made sufficiently in advance of an impact for execution of a mitigating action (100 ms).
In this case, we have found that 100 ms of radar data is sufficient to make very accurate impact predictions. If we make the conservative assumption that radar data can be processed, and impact predictions made, in a period of 100 ms, then our model need only assume straight-line dynamics over a time scale of 300 ms, a reasonable first-order assumption given VOLUME 6, 2018
the acceleration capabilities of humans. Operating within the 77-81 GHz frequency range, the system is shown to provide an impact parameter uncertainty in the mm range-a very precise figure on the scale of player dimension and interaction dynamics.
In conclusion, such a system will provide accurate impact prediction even with a low antenna gain, cheap hardware, and no direct measurement of player angular position. It should be emphasized that this analysis can be applied to other applications due to the generality of the scenario, which only requires approximately constant velocity on a one second time scale.
APPENDIX
Here, we present the simultaneous fitting method and describe its implementation in MATLAB [25] . This approach enables us to fit multiple data sets with their respective models simultaneously while they share at least one fitting coefficient in their model's functions. In our specific problem, we have two dependent variables in the data, r i and v i , and two corresponding model functions, r(t) and v(t), with shared fit parameters. By default, MATLAB functions, such as nlinfit, support just one dependent variable and model function.
To fit a function f (t; b) (with an independent variable t and a vector of M unknown coefficients b) to an N -point data set (t i , y i ), a common way is to minimize the sum of the weighted squares of the residuals between the measured data y(t i ) and the fit function f (t i ; b) [26] , which is called the chi-square error criterion defined as:
where σ y i is the measurement error for y(t i ). Although the aforementioned criterion is defined for one data set, it can be generalized to the same size K data sets with shared coefficients by ordering the data sets consecutively and building a longer vector as follows:
where
In our helmet-based radar collision prediction problem, the numbers of data sets and measurement points are K = 2 and M = N meas , respectively. Once t, y, and σ are found, one can find the best estimates for the components of b by using the nlinfit function in MATLAB and considering the fact that the model's function is piecewise and may be defined in terms of the Heaviside function (u(t)) as: 
